The mechanical response of a defective graphene layer to an ultrafast laser pulse is investigated through nonadiabatic molecular dynamics simulations. The defects are pentagon-heptagon pairs introduced by a single Stone-Wales transformation in the simulation cell. We found that when the fraction of excited electrons is below 6%, the layer exhibits strong transversal displacements in the neighborhood of the defect. The amplitude of these movements increases with the amount of energy absorbed until the threshold of = 6% is reached. Under this condition the layer undergoes a subpicosecond inverse Stone-Wales transition, healing the defect. The absorbed energy per atom required to induce this mechanism is approximately 1.3 eV, a value that is below the laser damage thresholds for the pristine layers. The transition is lead by the electronic entropy and follows a path with strong out-of-plane contributions; it differs from the predicted path for thermally activated transitions, as calculated using standard transition state approaches. The same phenomenon is observed in defective zig-zag and armchair nanotubes. In contrast, for a defective C 60 fullerene the mechanism is hindered by the presence of edge-sharing pentagons.
I. INTRODUCTION
The main goals during the first years of carbon nanotechnology were the production and characterization of novel forms of carbon. As a result of the related experimental and theoretical efforts in that direction, a large variety of nanostructured carbon allotropes has been realized. [1] [2] [3] [4] [5] Although different hybridizations may appear in nanostructured carbon-based materials, networks with sp 2 hybridization ͑fullerenes, nanotubes, onions, etc.͒ are especially attractive because of their mechanical, electronic, and catalytic properties. From the theoretical point of view, these structures are also particularly appealing; many of their properties can be rationalized by analogy or contrast with the simple structure of graphite crystal and graphene layers. 5, 6 Carbon nanostructures display a strong interplay between electronic and structural properties. 6 Profound alterations in the behavior of hypothetical devices may be expected from the presence of structural defects. 7 Therefore, a major concern with controlling the structure of the final products has arisen; 5, 7 defects appearing during the production stage have to be dealt with, either by annealing them or by introducing them in targeted sites of the structure. Although in general pristine structures are thermodynamically more stable than their defective counterparts, relatively large energetic barriers make the defects metastable at normal laboratory conditions. 8, 9 Heating the system to high temperatures can provide the kinetic energy necessary to overcome these barriers but may result in other undesirable structural transformations.
In this paper we focus on graphitic lattices modified by the ⌸ 2 rotation of one single dimer. This kind of structural modification, known as Stone-Wales ͑SW͒ transformation, 8, 9 introduces pentagon-heptagon pair defects in otherwise homogeneous hexagonal lattices like nanotubes or graphene layers. In more general graphitic networks ͑containing rings of sizes other than six͒, the SW transformation changes the size of the carbon rings neighboring the rotated dimer. In the buckminster fullerene C 60 , a SW mechanism transforms two pentagons into two hexagons and vice versa.
In addition to the pentagon-heptagon pairs appearing regularly in graphitic lattices, SW transformations are believed to be relevant in a broad class of processes, including diffusion, ͑Refs. 8-10, 13, and 14͒ have to be overcome in order to go from a homogeneous system to its SW modified counterpart ͑direct transformation͒, although catalysis with adsorbed carbon atoms can reduce the barriers significantly through Frenkel pair generation. 15 The inverse transformation going back from a defective structure to the homogeneous one has been less intensively studied. Under thermal conditions, the systems cannot go back through the direct transition path by overcoming transition barriers that are typically higher than 1.5 eV. For graphite, the barrier could be nearly 4 eV ͑see Fig. 1͒ . As mentioned above, under these conditions thermal processing may lead to undesirable structural transformations; therefore, it is relevant to explore mechanisms allowing for more controlled exploration of these thermodynamically expensive paths. Irradiation with ultrashort laser pulses has been demonstrated to serve this purpose. [16] [17] [18] [19] As a matter of fact, ultrashort laser irradiation has been shown to be a convenient way to induce structural modifications like ablation, fragmentation, dissociation, and phase transitions in graphitic and other covalent systems. [20] [21] [22] [23] [24] [25] [26] This possibility is related to significant changes in the free energy surface of the system due to electronic excitations. 17, 27, 30, 31 Even while typical laser wavelengths are large compared to the nanometer scale, modifications at very short length scales can be achieved. Theoretical evidence suggests the possibility of cleaning up certain kinds of defects in nanotubes. 7, 29 The theoretical description of the interaction between nanostructured materials and realistic ultrashort laser pulses requires several approximations. Higher level approaches like the time-dependent density functional theory ͑TDDFT͒ allow for accurate description of the excited states of the system, its energy absorption, and mechanical response. 7 However, the standard TDDFT implementation, the timedependent local density approximation ͑TDLDA͒, is not capable to handle the surface crossing events. Moreover, it artificially keeps too much coherence in the system for longer times and does not give the proper convergence to a thermal electron distribution. Free energy calculations using static density functional theory ͑DFT͒ and fixed electronic temperatures provide satisfactory descriptions of massive excitations. 16, 30 Fixing the electronic temperature, however, prevents the examination of the system evolution during the laser irradiation time. Simulations based on tight-binding approaches have been shown to provide reliable qualitative descriptions, provided that a suitable description for absorption processes is employed. 20, 21, 27, 28 In this contribution, we study the mechanical response of defective graphitic lattices under ultrashort laser irradiation using a molecular dynamics scheme based on the tightbinding approximation. 27 The case of a graphene layer with a pentagon-heptagon pair defect is carefully examined. Depending on the amount of energy absorbed from a pulse of ϳ200 fs duration, we observe strong oscillations on a time scale of the order of 10 2 fs, and at a given threshold intensity, an inverse Stone-Wales transition leading to defect healing. This mechanism is also observable in zig-zag and in armchair nanotubes. 29 For the buckminster fullerene, the SW transformation creates adjacent pentagons and the inverse transformation is prevented.
In order to get a better understanding of the phenomenon, we contrast this healing mechanism with the thermally induced, inverse Stone-Wales transformation.
In Sec. II we briefly describe the calculation framework we used. Section III reviews the problem of the inverse SW transition in the defective graphene layer on the basis of a transition state analysis, i.e., the thermally activated transition. Section IV reports on the effects of laser irradiation in a single, defective, graphene layer. In Sec. V we show that the laser mechanism is also useful for nanotubes, a fact that was discussed in a previous communication. 29 Section VI deals with the impossibility of an inverse SW transition in C 60 .
II. CALCULATION METHOD
The fundamentals of the nonadiabatic molecular dynamics approach used in this work have been discussed elsewhere, 20, 27 and here we just present a short review of the major concepts. The electronic system is described using the tight-binding Hamiltonian,
where c i + ͑c i ͒ stands for creation ͑annihilation͒ operators of electrons in the atomiclike orbital with a given symmetry = ͕s , p x , p y , p z ͖ localized at the atomic site i, ⑀ i is the onsite energy for that orbital, and t ij Ј is the hopping parameters. We have chosen the tight binding parameters as given by Xu et al., 32 because they provide a good compromise between the mechanical and electronic properties in a wide range of carbon structures. The ions move on a free energy surface, given by the total electronic energy E band , a functional form describing the repulsive energy ⌽͕͑R i ͖͒ depending on the ionic positions, and the contribution from the electronic entropy, FIG. 1. Top panel: snapshots of the minimum energy path calculated for an inverse SW transition in graphene using the CI-NEB method. ͑a͒ The defective system with pentagon-heptagon pairs; ͑b͒ transition state exhibiting sensible compression of the rotated dimer; and ͑c͒ perfect graphene layer. Bottom panel: The corresponding potential energy along the CI-NEB transition path calculated with the BLYP approximation ͑circles͒, and the tight binding energies calculated along the BLYP-based CI-NEB path ͑squares͒; the lines are guides to the eye. The calculations were performed using a cluster model saturated with hydrogen atoms ͑not shown in the picture͒.
where, as usual, the electronic energy is given by the eigenenergies E m of the Hamiltonian and the corresponding occupation numbers n͑E m ͒,
The electronic occupation number varies in time according to the energy absorbed from the pulse, 26 ‫ץ‬n
where g͑Ј͒ stands for the Fourier representation of the laser pulse envelope function, which we assume to be Gaussian.
col term provides a phenomenological description of the thermalization of the electronic occupations due to electron-electron collision, and electron-lattice interaction. These processes are described using two decay times, ee and el . We used for these calculations ee = 50 fs and el = 4.4 ps, which are reasonable values according to pump-probe experimental data on the carrier relaxation process in graphitic systems. 33 Our focus is on processes occurring on time scales of hundreds of femtoseconds, and therefore the results are not very sensitive to changes in those two parameters.
Molecular dynamics simulations with supercells containing N = 96 and N = 200 atoms for the graphene layer, N = 240 atoms for a ͑12, 0͒ nanotube, and N = 252 for a ͑7, 7͒ nanotube were performed. Periodic boundary conditions are considered, with two possible scenarios: material samples larger than the laser spot, where expansion can only occur at the sound velocity and therefore on time scales much larger than those considered here, are simulated using fixed supercell boundary conditions; material samples smaller than the laser spot can undergo rapid expansion and are simulated using variable supercell conditions. 26 In each case the equations of motion are integrated using time steps of 0.1 fs.
For the determination of thermal energy barriers and transition paths, we performed ab initio calculations within the DFT framework, using the Becke-Lee-Yang-Parr ͑BLYP͒ form of the exchange-correlation functional 34, 35 ͑as implemented in the CPMD package 36 ͒. The climbing image nudged elastic band ͑CI-NEB͒ method 37, 38 was used to achieve good enough estimates of the minimum energy paths. In each case, we used 16 images of the system along the minimum energy path between the pristine and SWtransformed systems. These images were optimized until the sum of the spring and real forces reached the threshold of 0.05 eV/ Å.
III. POTENTIAL ENERGY SURFACE ALONG INVERSE SW TRANSITIONS IN GRAPHENE
Given a potential energy surface ͑PES͒, the most probable path between two states is given by the path along the lowest energy barrier, usually referred to as minimum energy path ͑MEP͒. Methods like the CI-NEB employed in this work attempt to identify the MEPs and the corresponding transition states ͑the state with highest energy in the MEP͒. The MEP path and transition state calculated within CI-NEB for the SW-transformed graphene layer are shown in Fig. 1 . This path does not differ fundamentally from the one proposed originally by Kaxiras and Pandey 9 for the SW transformation. The transition state is characterized by a marked compression of the dimer bond length. Associated with this compression, we found a high energy barrier of approximately E b = 4.1 eV for the inverse SW transition, in good agreement with other estimates reported in the literature. 9, 39, 40 This barrier height guarantees metastability of the pentagon-heptagon pairs. Out-of-plane motion of the dimer could reduce the transition barrier by reducing the C-C bond compression. This possibility was already discussed in Ref.
39 within a tight binding approach, revealing only minor changes for the inverse SW transformation barrier. Annealing of these defects was also suggested to occur for nanotubes on picosecond time scales at temperatures around 4000-5000 K. 41 No evidence of inverse SW transitions at room or moderated temperatures has been reported, to the best of our knowledge, and these defects are generally accepted as long-lived species in that temperature regime. Furthermore, the mostly in-plane paths and related barriers, like that in Ref. 9 and in the present work, are widely used as sensible estimates for the actual transition path 40, 42 features and only small changes of the activation barrier may be expected from out-of-plane motions.
We have also calculated the potential energy within the tight binding approximation along the DFT-based CI-NEB path to check how likely it is this process occurs in our subsequent molecular dynamics simulations. The height of the barrier is almost the same ͑E b = 3.95 eV͒. Therefore, this route for defect healing can be disregarded in our study, where lattice temperatures remain below T l = 600 K and simulation times are below 2000 fs.
IV. LASER-INDUCED DYNAMICS OF SW DEFECTIVE GRAPHENE LAYERS
Next we performed molecular dynamics simulations on a defective graphene layer as described in Sec. II. We did not attempt to tune the laser frequency with respect to the electronic states associated with the defect. Instead, we have selected a value of 1.96 eV, well within the usual experimental range. The pulse width was set to = 50 fs, and it reaches its maximum intensity at t = 100 fs. Thus, the interaction time lasts approximately from t =0 to t = 200 fs. The layer was thermalized to a lattice temperature of T l = 300 K before activation of the laser pulse.
Different laser intensities, i.e., different amounts of offered energy, were considered. The actual energy absorbed ͑E a ͒ by the system depends on the motion of the lattice during laser excitation. 43 Still, for fixed width and frequency, there is a monotonic correspondence between the laser intensity and the absorbed energy. In what follows we state our discussion in terms of E a , rather than the laser intensity. We have found that damage occurs for absorbed energies above E a = 1.45 eV/atom, in the case of the N = 96 atoms supercell, and above E a = 1.75 eV/atom for the N = 200 atoms supercell. The difference in the damage thresholds for the two simulation cells is related to the density of defects; the N = 200 atoms supercell resembles more closely the pristine graphene layer and thus exhibits a higher damage threshold. 20 At the considered absorbed energies, a significant fraction of electrons, between = 4% and 6%, get promoted to excited states. Correspondingly, the electronic temperatures rise to T e = 25 000 K.
The excitation of coherent phonons in pristine graphite, following laser irradiation, has been discussed in Ref. 44 . Here we observe a similar mechanism for the defective layer. In Fig. 2 we show some snapshots for the response of the system to the weakest laser pulse considered ͑E a = 0.77 eV͒. The out-of-plane motions are stimulated following laser irradiation. The maximum displacement occurs at t = 190 fs, that is, almost at the end of the interaction time. After irradiation the system undergoes a complex motion, suggesting the excitation of different out-of-plane vibrational modes. This suggestion was confirmed by Fourier transforming the power spectra taken from the z component of the velocity autocorrelation function ͑z-VACF͒. It is important to point out that the total VACF is dominated by the z component. On the other hand, the rotated dimer bond length exhibits highfrequency oscillations ͑at about 1650 cm −1 ͒ which might be related to those found in the TDDFT simulations of Miyamoto et al. 45 The transient character of the oscillations limits the amount of information available through the Fourier analysis. In order to examine the underlying periodicity, we applied a multiscale ͑wavelet͒ [46] [47] [48] analysis to the z-VACF. The wavelet analysis is based on the comparison at different times, between the analyzed signal and a test function with a given time scale. The wavelet coefficients are thus given by the convolution
where f͑tЈ͒ is the function to analyze, and is the analyzer wavelet, which is relatively well localized in time and frequency. T is referred to as the time scale of the wavelet. The wavelet coefficients, so defined, measure the level of excitation of modes with different frequencies at a given time. However, full resolution in both time and frequency scales should be sacrificed. We have performed the continuous wavelet transforms of the z-VACF using as analyzer the Morlet wavelet,
ͪ.
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We choose this wavelet in order to obtain high-frequency resolution and because of its close relation to the Fourier transform.
In Fig. 3 we compare the free evolution of the thermalized system with the evolution upon irradiation ͑E a = 0.77 eV/atom͒. We obtain the dominant periods of the system by identifying the local maxima of the wavelet coefficients in the time/frequency space, i.e., the intense dots in the wavelet maps. In the first case ͑upper panel of Fig. 3͒ , the wavelet transform displays features with periods of about T = 570 fs ͑the most pronounced͒, T = 850 fs, and shorter time scales ͑T = 8 -128 fs͒. The amplitude of the coefficients decreases significantly after t = 1500 fs. Irradiation with the laser pulse excites modes with periods between roughly T = 290 fs and T = 330 fs ͑see the lower panel of Fig. 3͒ . These modes are the most significant feature in the spectra in the time interval between approximately t = 200 fs and t = 500 fs ͑i.e., after the interaction time͒. A larger period mode is still FIG. 2 . ͑Color online͒ Snapshots of the defective graphene layer response to a Gaussian-shaped laser pulse with = 50 fs full width at half maximum, centered at t = 100 fs. The absorbed energy is E a = 0.77 eV/atom, and the corresponding fraction of excited electrons = 4%. The rotated dimer is shown in black, and the pentagon-heptagon pair defect is highlighted in dark gray ͑red online͒. The amplitude of the out-of-plane component of the motion increases during the interaction time and reaches its maximum height at t = 190 fs. In the net surfaces drawn below each snapshot, the visibility of this out-of-plane component is enhanced .   FIG. 3 . ͑Color online͒ Gray map representation of the squared values of the wavelet coefficients for the z-VACF. Top: The free evolution of the thermalized system. Bottom: System irradiated with E a = 0.77 eV/atom. The evolution for 3000 fs is depicted. present and is responsible for the repetitive pattern with period about T = 850 fs. After about 2000 fs, the free evolution behavior is recovered.
We did not attempt to find the vibrational eigenmodes for the defective supercell. A simple estimate of the lower frequency modes for the layer can be achieved by considering a continuous model for the graphitic surface. The out-of-plane acoustic modes ͑labeled ZA͒ for graphene follow a parabolic dispersion relationship,
where k is the norm of the wave vector, and c ZA Ϸ 6 ϫ 10 −7 m 2 /s. 49 The periods for the out-of-plane acoustic modes in a rectangular patch with periodic boundary conditions would be given by
where a and b are the linear dimensions of the patch. For the considered cell, a = 14.6 Å and b = 16.8 Å͒. The largest modes supported by the cell would be T 0,1 ZA , T 1,0 ZA , and T 1,1 ZA , with periods of T = 755 fs, T = 573 fs, and T = 325 fs, respectively. A similar estimate for the supported longitudinal and transversal acoustic modes places all their periods below T = 80 fs. These estimates roughly agree with the periods in the wavelet transform. However, it must be considered that these periods would correspond, at most, to the modes supported by the pristine cell. The amplitude of the modes at simulation times about t = 300 fs increases with the absorbed energy, as can be seen in Fig. 4 . The highest intensity is achieved for E a = 1.32 eV/atom, where the squared value of the coefficient is ͉C͑t = 329 fs, T = 333 fs͉͒ 2 = 0.15, compared to ͉C͑t = 271 fs, T = 298 fs͉͒ 2 = 0.08 for E a = 0.77 eV/atom. The periods of the exited mode change from T = 298 fs to T = 330 fs, a fact that might be due to the phonon softening by the laser irradiation. We conclude from the wavelet analysis that the effect of the laser is to strongly enhance the long wavelength vibrations of the graphene sheet and to suppress high frequency modes.
With E a = 1.32 eV/atom the system undergoes an ultrafast inverse SW transition, leading to defect healing. Some key steps in this inverse transition path are depicted in Fig. 5:   FIG. 4 . ͑Color online͒ Comparison of the wavelet transforms for ͑a͒ the free evolution of the thermalized system; ͑b͒ a system irradiated with E a = 0.77 eV/atom; ͑c͒ a system irradiated with E a = 1.19 eV/atom; and ͑d͒ a system irradiated with E a = 1.32 eV/atom ͑in which the inverse SW transition takes place͒. Focus is on the time scale corresponding to the transition times.
FIG. 5. ͑Color online͒ Snapshots for the laserinduced
inverse SW transition. When 1.32 eV/atom are absorbed ͑6% of the electrons are excited͒, the strong motions are followed by bond breaking, out-of-plane rotation, and finally, defect healing. The rotated dimer is shown in black and the atoms forming the pentagonheptagon pair defect are shown dark gray ͑red online͒. Right panel: The power spectrum taken from the VACF after laser irradiation. Note that the three peaks at low frequency correspond to periods of Tϭ627 fs, Tϭ368 fs, Tϭ300 fs and thus agree well with the wavelet analysis. strong motions around the defective region are induced after the laser pulse peak ͑at a time near t = 190 fs͒ in a very similar fashion as for lower intensities; out-of-plane motion of the dimer leads to the "liberation" of one of the ends of the dimer ͑at a time near t = 220 fs͒; the dimer moves even further away from the graphite plane and the out-of-plane angle ␤ ͑see definition below͒ reaches its maximum value ͑at around t = 280 fs͒; the dimer out-of-plane rotation leads to a configuration closely resembling the intimate interstitialvacancy defect in graphite 40 ͑at around t = 360 fs͒; and finally the defect is annealed and a perfect graphitic lattice is obtained ͑at around t = 420 fs͒. After defect healing the vibrational state of the graphite layer is characterized by the preferential excitation of a well-defined mode, as can be seen from the power spectra in the right panel of Fig. 5 . In contrast with the cases for lower fluences, the wavelet coefficients do not recover the thermal behavior, at least not for times below t = 4000 fs. The period calculated from the power spectrum is T Ϸ 368 fs. The difference between this value and previously mentioned T = 330 fs is related to the compromise between time and frequency resolution in the wavelet transform.
The out-of-plane motion of the Stone-Wales defect can be further characterized by measuring a dihedral angle ␤ between the dimer and two carbon atoms in one neighboring pentagon ͑if the pentagon were to stay planar that would just be the angle between the dimer and the pentagon plane͒. Following the evolution of this angle with the absorbed energy we can see ͑Fig. 6͒ how the height of the first value reached just after laser irradiation ͑around t = 220 fs͒ changes almost linearly with the absorbed energy. As the laser intensity is increased, the time evolution of the angle gradually changes. But as the intensity reaches the value of defect elimination, we see a qualitative change of the ␤͑t͒ curve, with an early maximum of ␤ Ϸ 40°. At this point, one of the edges of the pentagon is broken and the inverse Stone-Wales transition proceeds. After defect healing ͑at around t = 420 fs͒ weak oscillations of this angle can be seen.
Associated with the increase in the amplitude of the vertical displacement and in the maximum value of the dimer angle, there is a sharp increase in the bare potential energy E band + ⌽, as can be seen in the bottom panel of Fig. 6 . The information in Figs. 2-6 could be interpreted with the help of the simple vibrational modes for the rectangular graphitic patch ͓Eq. ͑6͔͒. The largest phonon modes ͑T 0,1 ZA and T 1,0 ZA ͒, providing the long-scale background for the motion, are already active after the thermalization process. These two modes are comprised mainly of wave fronts propagating in directions parallel or perpendicular to the rotated dimer. During the interaction time with the pulse ͑lasting 200 fs͒ a mode with shorter period ͑T 1,1 ZA ͒ is excited. The excitation of this mode results in a rather well-localized perturbation near the dimer. After laser irradiation the layer performs part of an oscillatory motion; at times around t = 280 fs, the crest of the wave reaches the defective zone. If the intensity of the excited phonon is large enough ͑compare the snapshots near t = 280 fs in Fig. 2, and Fig. 5͒ , it can reverse the curvature induced by the defect in the graphene sheet, moving the dimer to a configuration favorable for laser healing; otherwise, the wave is diffracted by the defect, and a complex motion is observed.
As shown in Fig. 7 , this laser-induced path exhibits a very high energy barrier ͑above E b =12 eV͒, related to considerable bond stretching during the initial expansion. Therefore, under normal thermal conditions, the system would prefer other paths, like the CI-NEB path discussed above. In Fig. 7 we report the free energy calculated at different constant electronic temperatures. It is clear that by increasing the level of electronic excitations ͑and hence the contribution of the electronic entropic term to the free energy͒ it is possible to remove the barrier. Therefore, this transition should be regarded as driven by the electronic entropy, a fact that has been discussed earlier in relation to the healing of pentagonheptagon pairs in carbon nanotubes. 29 A similar analysis using the CI-NEB path showed that it displays a barrier of approximately E b = 0.5 eV, even at the higher electronic temperature considered. After healing, the free energy on Fig. 7 exhibits rather well-defined oscillations of period T Ϸ 380 fs, corresponding to the peak observed in the power spectra.
Laser healing with E a = 1.32 eV and = 6% was also observed using a laser pulses with widths of = 60 fs and = 40 fs. Before closing this section it is important to mention that a larger energy of E a = 1.62 eV/atom is needed in the N = 200 atoms cell in order to observe the inverse transition. This energy provides roughly the same = 6% threshold. The period of the phonon mode excited near the transition time is only about T = 100 fs. Considering that the excited modes in the N = 96 atoms cell are basically the longest wavelength phonons that fit into our system, this difference in the excited mode could be expected.
V. ULTRAFAST RESPONSE OF NANOTUBES
The possibility to heal defects in carbon nanotubes is of extreme technological relevance. A rather detailed description of the ultrafast healing of defective armchair nanotubes using ultrashort laser pulses has been presented earlier. 29 Now we illustrate the issue of breathing mode excitation prior to defect healing and explicitly show the inverse transition in zigzag nanotubes. Figure 8 shows the evolution of the kinetic energy during the simulation time for a defective ͑7, 7͒ nanotube like the one described in Ref. 29 . From the fluctuations it is clear that the expansion observed in the simulations just after the laser pulse peak ͑Ref. 29͒ does correspond to excitation of a vibrational mode with a frequency around 193 cm −1 . This is not a single mode excitation, as can be seen from the variation in the fluctuation amplitudes. For times above t = 400 fs this mode is no longer supported by the excited nanotube. As a matter of fact, around t = 400 fs the out-ofplane component of the SW dimer reaches its maximum value and the dimer breaks free from one of the pentagons. This point in time can be considered the onset for the inverse SW transition.
When the absorbed energy is not enough to efficiently lower the barriers between the break point around t = 400 fs and the perfect nanotube, the system does not undergo ultrafast transformation and gets stuck in a metastable ͑only on the simulation time scales͒ state with the dimer pointing inward. The barrier separating this state from the perfect nanotube should be somewhere below E b =5 eV ͑the energy barrier at T e = 300K͒, and it is still possible for the system to go to the perfect lattice even if it is not performing a subpicosecond transition.
Snapshots of the laser-induced inverse transition in a defective ͑12, 0͒ nanotube are shown in Fig. 9 . This path requires E a = 1.76eV/atom and Ϸ 7%. It is important to observe that this trajectory follows the same steps discussed here for the case of graphene, and previously for armchair nanotubes. 29 This fact points to the very general character of the observed phenomena.
Note that a reported first-principles study on photoexcitation of Stone-Wales pairs in carbon nanotubes 45 considers a single electronic excitation aimed to a well-defined electronic state associated with the pentagon-heptagon pair defect. Under such conditions the system was observed to undergo strong and well-determined vibrations at the rotated dimer, without compromising the defect stability. Clearly, these results can be considered as a particular case of the general effect demonstrated here. For low laser intensities, the defected nanotube is still a minimum of the potential surface and the barrier is still large. This means that no ultrafast transition occurs. The SW-type defect continues being metastable with a large lifetime. Our calculations for different laser intensities show that the ultrafast transition ͑charac-terized by the elimination of the barrier͒ requires the excitation of a significant fraction of the valence electrons. For lower intensities, large amplitude anharmonic vibrations around the 7-5-7-5 defect are induced by the laser pulse. 
VI. THE C 60 FULLERENE
When an SW rotation is performed on the buckminster fullerene, it is transformed into a C 2v fullerene having two pairs of adjacent pentagons as shown in Fig. 10 . This isomer is a fundamental step in the transformation from any of the 1812 C 60 fullerenes into the most stable buckminster fullerene. A barrier of about E b = 4 eV for the inverse transformation could be expected according to the analysis of Ref. 13 .
Thorough simulations with fixed initial temperature ͑T l = 300K͒, frequency ͑ប = 1.96 eV͒, and laser width ͑ =50 fs͒ show a variety of responses. During the initial steps, after laser irradiation, the system undergoes a strong breathing motion, similar to the case of nanotubes and buckminster fullerenes. 28, 50 The subsequent evolution time depends on the laser intensity. For low enough absorbed energies ͑below E a = 1.4 eV/atom͒ the system keeps breathing and reversible breaking of the bond shared by pentagons can occur at this intensity. Above this threshold damage occurs through several mechanisms. Around E a = 1.5 eV/atom, several cage windows open through the handles shared by two pentagons or one pentagon and one hexagon, a condition that could be related to ulterior graphitization. Near E a = 1.63 eV/atom, emission of atoms and formation of carbon coil chains take place. For energies above E a = 1.7 eV/atom fast cage explosion was observed. In each case, bonds shared by two hexagons exhibit more stability that those included in one pentagon. No inverse SW transition was observed.
Changing the initial temperature, frequency, and laser duration does not change the overall results. Taking the initial temperature as T l = 600 K, rearrangement of the fullerene into a smaller fullerene after emission of the 4 atoms shared by two pentagons was observed for energies around E a = 1.4 eV/atom ͑see Fig. 10͒ , but still no inverse SW transition was observed.
The existence of adjacent pentagons makes those sites much more unstable under laser irradiation than the SW dimer. Meanwhile, the local neighborhood of the SW dimer is the same in the buckminster and in the C2v fullerenes, meaning that it does feel as comfortable in one or the other isomer. Because of this fact, out-of-plane motion of the dimer, analogous to the tilting discussed for graphene and nanotubes, is not observed. Considering that the inverse transition paths for graphene and nanotubes involve strong inward motion, detaching the dimer from its neighboring atoms, we have tested the energy cost for a similar motion. For that we have modified the trajectory of Fig. 10 , pushing one of the atoms in the dimer inward by 0.5 Å, and calculated the free energy for this modified trajectory for times below t = 140 fs ͑window opening time͒ compared with the free energies at each in the original trajectory. The extra energy cost at T e = 25 000 K and different trajectory steps varies between 0.5 and 3.0 eV, values that may be regarded as conservative lower bounds for dimer tilting. Tilting the dimer enough to get it detached may be a very expensive step in this fullerene. If the electronic entropy contribution is high enough for the system to overcome this barrier, it is also high enough to break the molecule.
VII. CONCLUDING REMARKS
The theoretical description of laser healing of defects produced by Stone-Wales transformations in graphene and single walled carbon nanotubes could be achieved using ultrashort pulses. Realization of this healing mechanism would require a careful selection of the laser intensity in order to deposit the right amount of energy into the samples. No fine tuning of the frequency with excited states of the defect may be necessary.
The transition path follows the same trend in the plane graphene and in the nanotubes. Excitation of oscillations in a time scale close to the interaction time was observed as part of the healing mechanism. Therefore, the pulse duration should also be tuned in order to control the process. The key steps in the transition are the same in each case: oscillations, bond breaking with out-of-plane motion of the dimer, and dimer rotation. In this sense, curvature does not change the intrinsic properties of this laser-induced transition, although it should become more important for smaller tubes. The density of defects may play an important part in the ability to heal defects; calculations including two defects in each supercell show that they do not heal simultaneously. The presence of a second defect does not hinder the transition undergone by the first one.
Strong motions are always observed in the regions where the curvature changes. In the case of graphene and the nanotubes, this corresponds to the rotated dimer neighborhood, but for the C 60 molecule the local curvature in the neighborhood of the dimer is the same as in the pristine fullerene, while adjacent pentagons occur one ring away from the SW dimer. This configuration makes a inverse transition mechanism similar to the one in graphene impractical for the fullerene.
As expected, damage thresholds are significantly reduced in each lattice with respect to the values for pristine structures. FIG. 10 . ͑Color online͒ Snapshots from the response of a C 2v fullerene to a laser pulse when the absorbed energy is about E a = 1.45 eV/atom with T l = 600 K as initial lattice temperature. Emission of 4 atoms is observed followed by structural rearrangement into a smaller cage. The rotated dimer is shown in blue and pentagons in red.
